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asperities impacts the amount of wear under gross slip conditions, other researchers found opposite results [9, 10] .
Besides investigating fretting damage by experiments, Finite Element Method (FEM) is also widely used in this field in partial slip [11] [12] [13] [14] [15] [16] [17] and gross sliding [18] regimes. The first FEM of fretting wear presented in 2004 [19] . The advantage of FEM is that it can describe the local contact information and fretting damage during the fretting wear process, which is difficult to achieve by experiment. However, most of the models that are used to predict fretting wear do not consider the effect of roughness [18] [19] [20] due to the small size of asperities and its statistical distribution leading to high computational demanding. Though the semi-analytical model proposed by Kasarekar et al. [21] and the discrete element approach study done by Leonard et al. [22] simulated the effects of roughness on fretting wear, both of them only neglected the random nature of the rough surfaces, analysing only one roughness profile per case. Kasarekar et al. [21] only analysed wear evolution under partial slip conditions and, here we are interested in results under gross sliding conditions. Although Leonard et al. [22] presented results for those conditions, their numerically generated surfaces were constructed considering only one roughness parameter (R q ), neglecting the effect of the horizontal distribution of asperities, this will be considered in the present work.
In order to obtain abundant fine mesh at asperities and increase computational efficiency, the asperity model should be scaled down to a micro model and techniques that allow this small scale model to be incorporated in the macro fretting wear model are of great interest. In this regard, multiscale modelling offers the advantage to efficiently connect results from different scales and being thus a powerful tool to deal with roughness in fretting. Aboudi et al. [23] classify multiscale techniques in three main groups: hierarchical, concurrent and semiconcurrent. Different from the other approaches, concurrent technique is a fully coupled methodology, which means that all scales are handled at once in the same numerical model. Recent work has been done using this technique applied to account for roughness effect on contact problems [24] [25] [26] , nevertheless none of them considered the impact of surface asperities on fretting conditions. The hierarchical method has the advantage of requiring low computational costs and providing relatively good accuracy, being, therefore, able to incorporate many complex physical phenomena in the simulations. It has been used for analysing many contact problems, as elucidated by Stupkiewicz et al. [27] . For instance, Temizer and Wriggers [28] studied inelastic contact considering effect of third bodies and also friction of soft matter [29] . Jerier and Molinari [30] presented a methodology to analyse the non-adhesive and frictionless contact between a flat elastic body and a rigid surface with fractal roughness. Although many work has been done in hierarchical analysis of contact phenomena, most of them proposed macroscopic constitutive relations for the contact stiffness based on microscopic simulations and were not applied to fretting problems.
The main goal of this paper is to present a sequential multiscale approach, which is capable to consider the effects of roughness in FE analysis of fretting under gross sliding conditions. In our proposed approach the surface roughness is numerically generated, considering the asperities distribution in horizontal and vertical directions. Also, here a set of rough surfaces were analysed and a statistical analysis was done to account for the random nature of rough surfaces. We will consider two independent contact models: a micro scale model containing the roughness geometric details and a macro scale model of the fretting wear problem. A multiscale procedure together with a statistical analysis will be used to link the average response of the micro model to the macro model. Therefore, scale separation for the normal contact behaviour is assumed here.
The paper is organized in the following way. Before exploring the micro scale model, a brief description of the approach for numerically generating rough surfaces is done in section 2.
Then, the micro scale FE models used to study the normal frictionless contact of rough bodies together with the two-dimensional (2D) macro model used to simulate fretting condition are introduced in section 3. Finally, in section 4, the results are discussed and compared against experimental data and the main conclusions are presented in a separated section.
Numerical generation of random rough surfaces
For the real engineered surfaces, both the radius and the heights of the surface irregularities have a statistically distribution. Naylor [31] developed a method to generate random roughness using only the statistical properties of real surfaces, which are asperities height distribution and asperities height correlation function. In this paper, an improved approach presented by Hu and Tonder [32] based on [31] is employed, using digital filter techniques (spectrum analysis and Fourier transform) to generate random surfaces with Gaussian autocorrelation functions.
In order to generate the random rough profile, two parameters are defined: the root mean square (RMS) of the surface roughness R q and correlation length ξ. They are statistical parameters calculated from real surfaces measurements. The parameter R q can easily be measured in laboratory. For a 2D profile, it can be calculated as:
where l is a pre-set sampling length and Z(x) is the measured profile from the profilometer. The parameter ξ is the length at which the auto-correlation function reduces to 10% of its value at origin. It is related to how the asperities are distributed horizontally. Figure 1 illustrates how these parameters change the shape of the asperities and, therefore, the roughness profile. The R q clearly affects the amplitude of the profile, while the ξ alters the horizontal distribution of the asperities. The roughness profiles were numerically simulated using a code written in Matlab® to generate coordinates (x,y) of a 2D rough profile used in FEM. Aiming to validate the methodology presented above, the simulated profiles is compared with mill finished aluminium surface measured by a Surfascan 3D stylus as shown in Figure 2 . It is important to notice that using this approach, the generated profiles are all statistically identical to the profile measured in the laboratory.
FE model description

Micro models: Roughness effect on normal load
In order to quantify the roughness effect on the contact pressure distribution, we analysed the interaction between the fretting pad and specimen using a micro scale model, which consists of a small part of the larger model containing the entire contact region (see Figure 3 for more details). A FE analysis was performed in ABAQUS® considering the bodies, part of the cylinder and part of the plane, with numerically generated roughness profiles created using a Matlab® code. Here, as a first approximation, we are only interested in how the roughness affects the contact pressure distribution at interface, considering only normal frictionless contact between the bodies.
As we would like to validated the wear scar obtained via FEM with experiment data by McColl et al. [19] , both parts of the FE model had the same material properties as in [19] , which is presented in Table 1 . An elastic-perfectly plastic material response was considered in this study. A Python script was created to import the rough profile coordinates from Matlab® into the ABAQUS FE model. These coordinates were later fitted using a spline curve, in order to generate the contacting surfaces of the two rough bodies (specimen and pad). The FE mesh with the boundary conditions and the applied load are depicted in Figure 4 . Regarding the mesh details, a 2D quadrilateral, 4-node (bilinear), plane strain, reduced integration element (CPER4) was used and the mesh size of 0.25µm was considered at the contact interface and gradually raised as the distance from the contact region increased.
The bottom surface of the bottom specimen was fully fixed (restricted movement in the x and y directions and restricted rotation, i.e., U x = U y = 0 and R xy = 0) and a vertical concentrated normal load F was applied to the reference point at the middle of the top surface of the pad. A Multi-Point Constraint (MPC) was used to constrain the degrees of freedom of a slave edge (top surface of the pad) according to the degrees of freedom of the master point (reference point in the middle of the top surface). Finally, the master-slave algorithm in ABAQUS® was used to define the contact interaction between the parts, Lagrange multiplier formulation was used to define the tangential behaviour and a hard contact approach was used to define the normal behaviour of the contact pair. In order to consider the randomness effect of the roughness on normal load, a large number n of micro models (n = 50) were created, each one with a different pair of roughness profiles, but with the same statistical properties R q and ξ. Each model was subjected to a normal load F in a single step and the contact pressure distribution along the interface was then calculated considering a frictionless contact interaction. Three different values of F were considered: 185 N, 500 N, 1670 N (same as the ones imposed on experiments done by McColl et al. [19] ). The final average contact pressure distribution at the interface was then obtained by averaging the nodal contact pressure results from all n rough contact models for each case of normal load F.
For the multiscale analysis presented in this paper, the parameters R q and ξ were chosen based on the measurements of real steel surfaces presented by Singh et al. [4] and are reproduced here in Table 2 . As it can be seen in Figure 5 , the isotropic and grounded surfaces have very different roughness profiles, being the grounded one considerably more rough than the isotropic. Analysing both types of surfaces finishing allowed as to study the influence of increasing roughness in our results. 
From micro model to macro model
In this work, we are interested in the effects of micro scale surface features on the macro scale fretting problem. The multiscale methodology can be used to bridge information between models of these two different scales. It can be used as a one-way approach, i.e., the analysis of the micro model is done independently of the model performed in the macro analysis. In this scenario, the average response of a small scale can be used as input for the large scale model, or vice-versa.
Here the focus is in a sequential methodology capable of extracting the effect of surface roughness on the contact pressure distribution, providing an average response at small scale that could be up-scaled to a macro model. The impact of the presence of roughness on the contact pressure distribution can be observed in the results section 4, where the FE results are compared with the Hertzian distribution [33] . However, for illustration purposes, the results for an isotropic surface for the loading F=185 N are shown at Figure 6 . The dashed line represents the analytical Hertzian contact pressure obtained considering contact of two smooth surfaces, the solid grey line is the solution obtained by the micro scale FE analysis considering the contact of rough bodies. Comparing these two curves, it can be seen that the presence of asperities changes the distribution of the contact pressure considerably. In addition, the contact pressure distribution obtained from micro models is not a smooth curve, causing difficulties to import it directly in the macro-scale model. This section describes how results calculated from micro model were integrated to macro models.
The first step was to generate an approximated function that captured the important features of the micro scale solution, making it possible to link the results from micro to macro scale models. In order to do that, the contact pressure obtained by the FE analysis was smoothed (solid red curve in Figure 6 ) using a kernel smoothing procedure, available as a package in the statistical software R. The kernel smoothing provides a weighted average of the data of interest within a smoothing window [34] , defined by a fixed parameter known as the bandwidth b. As also shown in Figure 6 , based on the smoothen curve, we can extract two main parameters: the peak average pressure p max and the effective contact width a micro . The peak average pressure was used to adjust the geometry of the macro model as explained in the following. The smoothened curve results for different types of surface roughness and loading conditions are presented in section 4. Aiming to obtain a contact pressure distribution at macro scale as similar as possible to the one calculated at micro scale considering roughness, the equivalent radius of the pad of the macro model R E was modified based on the results in the micro model and Hertzian solution.
Indeed, the smoothened contact pressure distribution provides both the contact maximum pressure p max and the contact width a micro , which give two various radii of the pad according to equations (2) and (3), respectively.
where , and are Young' modulus, and and are Poisson's ratios of each contact body.
The chosen value of R E should lead to the approximate contact pressure distribution obtained by the micro scale analysis in the macro model. Therefore, we have not used the value of a micro to adjust the geometry of the macro model, but R E was calculated based on p max . This choice was driven by the fact that the distribution of contact pressure with is closer to the smoothened curve than the case of , as illustrated in Figure 7 . As explained in the study on fretting wear of steel [35] , at the running-in stage of the coefficient of friction (CoF) evolution, the contact surface of steel is progressively roughened due to fretting wear. Meanwhile, the surface separation due to the debris generation could reduce CoF. With the progress of fretting wear, the interaction of the increased roughening and increased separation of contact surfaces may lead to a dynamic equilibrium when CoF shows constant. Therefore, the effects of roughness were considered in running-in stage (3000 cycles) by using the equivalent radius of the cylinder with . It means the initial radius of the cylinder was and it was modified back to the original value equalling to 6 mm, which was used for the experiment, after 3000 cycles. of different normal load cases is listed in Table 3 . 
Macro model: Fretting wear prediction
The macro model used in this study is similar to the one proposed by Yue and Wahab [18] based on McColl et al. [19] . The contact configuration with dimensions is shown in Figure 8 , where the normal load F and the tangential reciprocated displacement with amplitude D are imposed at the midpoint of the top surface. During the whole loading history, the bottom and side edges of the bottom specimen are completely constrained. At the first loading step, F is applied and only the vertical movement of the cylinder is allowed. Next, an oscillatory tangential displacement with amplitude of 25 µm is imposed during moving steps, i.e. 18000 cycles. In the end, the unloading step is applied for removing the elastic deformation in the contact surface caused by the normal load. Energy method is utilized as the wear model for simulating the process of fretting wear and the following inputs were adopted in the simulations. In all cases of this study, each moving step was analysed in 100 increments and the jump cycle was chosen equal to 1000 to reduce computation time. The material properties of the macro model is the same as those of the micro model. In addition, the definition of the contact interaction is based on master-slave technique, in which the contact surface of cylinder is master surface and the other surface of contact is slave surface. The CoF and wear coefficient α h in three loading conditions are listed in Table 4 . Finally, the evolution of stress distribution and the wear scar due to fretting wear could be simulated by calling UMESHMOTION subroutine of ABAQUS® after every increment of each moving step. Figure 9 . Flow chart of the multiscale approach
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.1 Roughness effect on normal load
We started our micro scale analysis with normal frictionless contact of two smooth surfaces, i.e., without any roughness. We used the procedure described in section 2 to generate the coordinates for the two bodies and by setting the roughness parameters R q and ξ to zero, we created smooth surfaces at the cylindrical pad and flat specimen. In order to verify the response of this micro model and also to check the applied boundary conditions, we applied the three cases of normal contact load F to the model and calculated the contact pressure distribution along the interface. The results were compared with analytical Hertzian solutions [33] and are presented in Figure 10 . The curves were normalized using Hertzian contact width a and maximum contact pressure p Hmax to facilitate a visual comparison. Notice that the solution from the micro scale smooth FE model is in good agreement with the normalized analytical solution (differences are less than 5%), which suggests that the dimensions and boundary conditions used on the analysis of the micro models are suitable. 
The micro models were then used to estimate the effect of roughness under normal loading conditions. The effective contact pressure, obtained by the analysis of the 50 rough contact models, for each loading F considering an isotropic surface is presented in Figure 11 and considering a grounded surface is presented in Figure 12 . Comparing the contact pressure distribution obtained by the FE analysis with the analytical Hertzian distribution, it is noticeable that the presence of asperities has a major impact on the shape of the distribution. For the same loading condition, comparing Figure 11 and Figure 12 , it can be seen that, as the roughness of the surface increases (from isotropic to grounded), the peak of effective contact pressure p max reduces and the apparent contact width a micro increases. Hence, as the surface becomes rougher, the contact pressure distribution gets even further away from the analytical Hertzian distribution.
Another interesting point is that, for the same roughness, there is a dependency between the normal load and the effective peak pressure p max . For higher values of normal load, the value of p max gets closer to the analytical value of p Hmax . Therefore, if the geometry and roughness parameters are kept constant, one can conclude that, for higher normal loads, the Hertzian analytical solution is a good approximation of the contact pressure.
Even though our analysis does not make an assumption of spherical shaped asperities, our results follow the same trend observed by Greenwood & Tripp [36] . As a general result, it can be said that Hertzian distribution is only an acceptable approximation for higher normal loads and relatively smooth surface (case (c) in Figure 11 ). Therefore, fretting wear under the case of higher normal load (F= 1670 N) with isotropic surface is not considered in the following fretting wear analysis.
Effects of roughness on fretting wear
As the effect of roughness is considered at the first 3000 cycles, using the equivalent radius to reproduce the contact pressure distribution calculated from the micro scale, it is interesting to study the wear scars after this number of cycles. These wear scars are presented in Figure 13 . In the lowest normal load case (F =185 N) of this work, increasing the roughness of the contact surface leads to wider wear width and less wear depth. However, in the higher normal load cases, wear width does not grow when the surface is rougher, however, the wear depth shows similar decreasing tendency as in the lower normal load case.
Therefore, generally, the numerical results indicate that the FE model without considering roughness of the contact surface overestimates fretting wear depth at the running-in stage in the gross sliding condition.
During the running-in period, the surface asperities evolve changing the coefficient of friction and causing a dependence of the friction behaviour of the contact pair on the initial surface roughness. Hisakado et al. [37] observed that for higher initial values of roughness, a lower CoF is expected. As the wear volume is proportional to CoF, a lower instantaneous value of wear volume is obtained for higher values of roughness. An inline conclusion is also observed in our simulations when having a closer look at the wear volume after 3000 cycles in various contact surfaces, listed in Table 5 . It is found that the fretting couple of grounded surface has the lowest wear volume in all normal loading cases.
These results presented in Figure 13 and also experimental evidence presented in [7] show that surface asperities interaction do have an impact on the wear scars, but only for the initial thousands cycles and should, therefore, be considered in order to improve the quality of the wear estimate. Indeed, running-in stage in reality is a complicated period, with the process of fretting wear, oxide film is removing, new metallic contact surface is generated and the contact surface roughed due to fretting wear. The wear scars predicted by FE fretting wear model with different roughness, after 18000 cycles, are illustrated in Figure 14 . In all three normal loading cases, the difference on wear scar among the cases of smooth surface, isotropic surface and grounded surface is limited. From numerical modelling point of view, it is because the effects of roughness are only considered in the first 3000 cycles by assuming the asperities of contact surfaces are worn out during this running-in stage. This assumption is confirmed by the work of [22] , of which rough surface is considered directly into the fretting wear model.
Meanwhile, our results also point out that the influence of roughness of contact surface on wear scar is limited in gross sliding condition after 1800 cycles. This results are in agreement with experimental observation of fretting wear on steel conducted in [38] , where tests showed the same tendency that the roughness has little influence on the wear scar in the gross sliding condition. Kubiak et al. [7] also showed results of fretting wear scars for three different initial roughness surfaces and there was no significant difference on the wear depths after test of all samples. These results suggest that the roughness effect on the fretting wear scar is negligible and a reduction on roughness does not seem to reduce the wear damage under gross sliding conditions. 
Conclusion
In this paper we presented a multiscale methodology to consider the roughness effect in fretting wear simulations. In order to do that, we first analysed micro models to check the influence of roughness in the contact pressure distribution. Later, we studied the fretting problem in a macro scale, estimating the fretting wear scar evolution as function of the number of cycles. Finally, we considered the effect of roughness in fretting wear simulations, connecting the results from the small scale models to the large scale model. As supported by other research findings, our results also showed that roughness has a minor effect in the normal load under fretting wear in gross sliding condition.
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